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Abstract
We investigate baryogenesis via leptogenesis in A4 flavor model within the paradigm of type-I
and II seesaw mechanism resulting in magic neutrino mass matrix with broken µ−τ symmetry in
a minimal scenario with two right-handed neutrinos(2RHN). Additional Z3 cyclic symmetry is
employed to constrain the Yukawa structure of model. The type-II seesaw terms play crucial role
in generating non-degenerate neutrino masses and non-zero θ13 and contribute in baryogenesis.
In particular, after the spontaneous symmetry breaking, the Yukawa couplings y∆1 and y∆3 are
responsible for the breaking of µ− τ symmetry. The effective Majorana neutrino mass |Mee| is
found to be well within the sensitivity reach of the 0νββ experiments, in particular, for inverted
hierarchy. The model has imperative implication for inverted hierarchy, for example, the non-
observation of this process at nEXO will rule out IH. The predicted baryon asymmetry is in
good agreement with the observed baryon asymmetry for NH whereas IH is disallowed at 2.5σ
C.L..
Keywords:Discrete symmetry; seesaw mechanism; neutrino mass model; leptogenesis.
1 Introduction
In the last two decades neutrino oscillation experiments have evinced that neutrino change identity
as they travel from source to detector. This metamorphosis, in turn, requires that neutrinos are
massive which, remarkably, is in contradiction with the prediction of the most celebrated theory
in particle physics called “Standard Model(SM)”. Within SM, neutrinos are massless because (i)
there are no right-handed(RH) neutrinos in the SM (ii) SM Lagrangian contains only renormalizable
terms (iii) No Higgs triplet of SU(2)L in SM. In fact, Sudbury Neutrino Observatory(SNO) [1, 2]
and KamLAND [3,4] neutrino oscillation experiments have, decisively, demonstrated that neutrinos
have tiny but non-zero mass and flavor eigenstates are different from the mass eigenstates. This
observation has, since then, been augmented by other experiments as well [5–9]. Thus, the existence
of non-zero neutrino mass is smoking gun signal of physics beyond SM(BSM). The mass-squared
differences, mixing angles and Dirac-type CP violation phase(s) can be probed in oscillation experi-
ments, however, they are insensitive to the absolute neutrino mass scale. Consequent to the reasons
described above, neutrino masses cannot be generated, the way quarks and charged lepton masses are
generated within SM. Now, apart from identifying the underlying symmetry responsible for emerged
picture of neutrino oscillation parameters(two mass-squared differences (∆m212, ∆m
2
23) and three
mixing angles (θ12, θ23, θ13)) in neutrino oscillation experiments, the question is what mechanism is
responsible for the origin of neutrino mass? In addition, there still remain experimental unknowns
in the neutrino sector, some of which are:
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1. Mass hierarchy-normal or inverted?
2. Atmospheric mixing angle θ23- above or below maximality?
3. Whether CP symmetry is violated in neutrino oscillations?
4. What is absolute scale of neutrino mass?
5. Neutrino- Dirac or Majorana particle? etc.
The answers to first three questions are being investigated in the neutrino oscillation experiments like
India-Based Neutrino Observatory(INO) [10], Deep Underground Neutrino Experiment(DUNE) [11],
T2HK [12] and NOνA [13] etc. whereas direct search neutrino-mass-experiments [14,15] and lepton
number violating processes like 0νββ decay will probe answers to the remaining two questions. These
experiments will, further, help in ameliorating the lepton mixing paradigm. Thanks to the arduous
experimental efforts that the dominant structure of the neutrino mixing matrix has been revealed
and mass-squared differences, mixing angles are known to an unprecedented accuracy. The emerged
picture of neutrino masses and mixing is dissimilar to the one in quark sector. For example, the quark
mixing angles are small as compared to in neutrino sector(except θ13). In a more general framework
like Grand Unified Theories(GUTs) in which quarks and leptons belong to the same representation
of the gauge group and Yukawa couplings are related, it is a formidable task to understand such
diasporical hierarchies in fermion masses and mixing.
On the theoretical front, non-zero neutrino mass and the emerged spectrum of neutrino masses
and mixing angles have posed outstanding fundamental questions before the theorists. In fact,
there exist alternative theoretical mass models to explain neutrino parameters, for a review see
Refs. [16–18]. The reason for the possibility of variety of models is the unresolved experimental
ambiguities, discussed in the last section, that still exist. We can broadly classify various model
building frameworks as (i) theoretical models based on flavor symmetries to explain observed mixing
parameters (ii) GUTs, as an attempt to unify quarks and leptons family structures (iii) models based
on extra dimensions etc.. The physics of underlying flavor structure is contained in the Yukawa
sector of the theory. The Yukawa couplings are, in general, complex and seeds the possible leptonic
CP violation. To explain the observed spectrum of neutrino masses and mixing, Yukawa sector
needs to be extended through introduction of additional fermionic and scalar fields. One way to
accomplish it, is the imposition of non-abelian discrete flavor symmetry group at some high energy
scale and subsequent spontaneous breaking of the flavor symmetry in charged lepton and neutrino
sector at low energy scale. In this approach, appropriate charge assignments to the fermionic and
scalar field(s) under the flavor group alongwith vacuum alignment of the Higgs or Higgs like field(s)
constrain the Yukawa structure of the flavor theory. In general, the proliferation of the field content
leads to deterioration of the predictability of the model. Also, we may have to apply additional
symmetry(ies) to avoid the unwanted couplings in the Lagrangian of the theory. So, we need to have
a minimal extension of the fermionic and scalar sector to reduce free parameters in the theory.
The observation of large mixing is another unresolved puzzle in the neutrino sector. There exist myr-
iads of mixing paradigms to explain observed mixing spectrum such as tri-bimaximal mixing(TBM),
bi-maximal mixing, golden ratio and tri-maximal mixing, to name a few [19–26]. TBM mixing
predicts maximal atmospheric mixing(θ23 = 45
o) and vanishing reactor angle(θ13 = 0) and as such
requires corrections to generate non-zero value of θ13 consistent with experimental observations at
T2K [27], Daya bay [28], Double Chooz [29] and RENO [30]. The neutrino mass matrix resulting
from TBM is, in general, “magic” and “µ− τ” symmetric which means that sum of elements of each
row/column remains same and mass matrix is invariant under exchange of µ−τ indices, respectively.
In the present work, we propose a neutrino mass model for the amendment of TBM ansatz such
that µ − τ symmetry is broken i.e. θ13 is non-zero, however, the mass matrix still has magic sym-
metry. In an effective theory layout, dimension-five operator instinctively generates small neutrino
mass due to suppression by the cutoff scale(Λ). Furthermore, the large mixing angles in leptonic
sector hints toward additional CP violation sources apart from the quark sector. The leptonic CP
2
Symmetry D¯iL eR µR τR N1 N2 H φl φν χ1 χ2 ∆
SU(2)L 2 1 1 1 1 1 2 1 1 1 1 3
A4 3 1 1
′ 1′′ 1 1′′ 1 3 3 1 1′′ 1′′
Z3 ω
2 1 1 1 ω ω 1 ω 1 ω 1 ω2
Table 1: Field content of the model and charge assignments under SU(2)L, A4 and Z3.
violation sources may generate the observed baryon asymmetry of the universe(BAU) and have trig-
gered arduous studies based on flavor models which, simultaneously, account for correct neutrino
phenomenology as well. The matter-antimatter asymmetry is measured as baryon to photon ratio
which through cosmological findings is [31]
|ηB | = (6.12± 0.04)× 10
−10.
Baryon symmetric universe must satisfy the Sakharov’s three necessary conditions
• baryon number violation
• C and CP violation
• out-of-equilibrium decay
essential to generate observed baryon asymmetry [32]. The BSM scenarios with one or more right-
handed neutrino, scalar Higgs triplet and/or scalar fermion triplet must account for observed neu-
trino phenomenology. Also, their decay contributes to CP asymmetry and hence matter-antimatter
asymmetry. Additional BSM fields generates lepton asymmetry which is converted to baryon asym-
metry through sphaleron transitions. Admittedly, the next ambitious goal is to understand, coeta-
neously, the mechanism of neutrino mass generation, large leptonic mixing and observed baryon
asymmetry of the Universe(BAU).
Motivated by this, we present an attractive model based on A4 flavor symmetry for generation of
both neutrino masses and leptogenesis in the framework of type-I and II seesaw mechanism. In this
model, type-II seesaw plays a vital role in breaking µ − τ symmetry and obtaining non-degenerate
neutrino masses. The additional flavon fields introduced in the model drives appropriate breaking
of the A4 symmetry. We have, also, studied the leptogenesis in the type-I and II seesaw scenario
using approximate solutions to the Boltzmann equations.
In Sec. II we have discussed the A4×Z3 model where Z3 controls the Yukawa structure of the theory.
In Sec. III and IV, we have presented the leptogenesis framework and constraining equations used
in the numerical analysis, respectively. Finally, we present major conclusions of the work in Sec. V.
2 The A4 Model
A4 is a non-Abelian discrete group of even permutations of four objects having geometrical resem-
blance with tetrahedron.
A4 has twelve elements and four irreducible representations 1,1
′
,1
′′
and 3. In the singlet represen-
tation, the generators S and T are:
1 : S = 1, T = 1,
1
′
: S = 1, T = ω2,
1
′′
: S = 1, T = ω,
(1)
3
where ω = e2pii/3. For triplet vector space, we have chosen T-diagonal basis in which the generators
S and T are given by
S =
1
3

−1 2 22 −1 2
2 2 −1

 and T =

1 0 00 ω2 0
0 0 ω

 . (2)
The generators satisfy S2 = T3 = (ST)3 = 1. The representations multiplication rules are: 1⊗
other=other, 1
′
⊗1
′
= 1
′′
, 1
′
⊗1
′′
= 1, 1
′
⊗3 = 3, 1
′′
⊗1
′′
= 1
′
, 1
′′
⊗3 = 3, 3⊗3 = 1⊕1
′
⊕1
′′
⊕3s⊕3a.
In this basis, the Clebsch-Gordon decomposition of two triplets a = (a1, a2, a3) and b = (b1, b2, b3)
is given as
(a⊗ b)1 = a1b1 + a2b3 + a3b2,
(a⊗ b)
1
′ = a1b2 + a2b1 + a3b3,
(a⊗ b)
1
′′ = a1b3 + a2b2 + a3b1,
(a⊗ b)3s =
1
3
(2a1b1 − a2b3 − a3b2, 2a3b3 − a1b2 − a2b1, 2a2b2 − a1b3 − a3b1),
(a⊗ b)3a =
1
2
(a2b3 − a3b2, a1b2 − a2b1, a1b3 − a3b1).
Here we present A4 ⊗ Z3 model within type-I and II seesaw framework. In this model, we have
employed one SU(2)L Higgs doublet H, SU(2)L singlet flavon fields φl, φν , χ1, χ2 and one SU(2)L
triplet Higgs fields(∆). The transformation properties of different fields under SU(2)L, A4 and
Z3 are given in Table 1. The charge assignments under SU(2)L, A4 and Z3 lead to the following
invariant Yukawa Lagrangian
−L =
ye
Λ
D¯iLHφleR +
yµ
Λ
D¯iLHφlµR +
yτ
Λ
D¯iLHφlτR
+
yν1
Λ
D¯iLH˜φνN1 +
yν2
Λ
D¯iLH˜φνN2
−hχ1N
T
1 C
−1N1χ1 −
hχ2
Λ
χ1χ2N
T
2 C
−1N2
−y∆1D¯iL∆D
c
iL −
y∆2
Λ
D¯iL∆D
c
iLφν −
y∆3
Λ
D¯iL∆D
c
iLχ2 +H.c.,
(3)
where H˜=iτ2H
∗(H is SM Higgs doublet) and yi (i = e,µ, τ, ν1, ν2, χ1, χ2,∆1,∆2,∆3) are Yukawa
coupling constants. We have considered the vacuum expectation values(vev) for flavon fields φl
and φν as (vl, 0, 0) and (vν , vν , vν), respectively and vev for SU(2)L Higgs doublet to be vH . In
T-diagonal basis, the Lagrangian in Eqn.(3) results in diagonal charged lepton mass matrix
ml =
vlvH
Λ

ye 0 00 yµ 0
0 0 ye

, (4)
and Dirac neutrino mass matrix
mD =
vνvH
Λ

yν1 yν2yν1 yν2
yν1 yν2

. (5)
Also, the right-handed neutrino mass matrix is given by
mR =
(
yχ1vχ1 0
0
yχ2
Λ vχ1vχ2
)
, (6)
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where vχ1 and vχ2 are the vacuum expectation values of the flavon fields χ1 and χ2, respectively.
Using type-I seesaw relation, the effective neutrino mass matrix is given by
mν1 = −mDm
−1
R m
T
D =

c c cc c c
c c c

, (7)
where c = a
2
M1
+ b
2
M2
with
a = yν1
vνvH
Λ
, b = yν2
vνvH
Λ
,M1 = yχ1vχ1 ,M2 =
yχ2
Λ
vχ1vχ2 . (8)
M1 and M2 are the masses of right-handed neutrinos N1 and N2, respectively. The mass matrix in
Eqn.(7) results in degenerate light neutrino masses and θ13 = 0. In order to have correct low energy
phenomenology we consider type-II seesaw scenario in conjunction with type-I. The conjoining of
type-II seesaw terms have interesting implications on neutrino mass and leptogenesis. Assuming vev
for scalar triplet field ∆ to be v∆ the type-II contribution to effective neutrino mass matrix is given
by
mν2 =

 2p d− p f − pd− p f + 2p −p
f − p −p 2p+ d

 (9)
where, d = y∆1v∆, p =
y∆2
3Λ v∆vν and f =
y∆3
Λ v∆vχ2 . The charged lepton mass matrix in Eqn.(4) is
diagonal therefore effective neutrino mass matrix is given by
mν = mν1 +mν2 .
Using Eqns.(7) and (9) we get
mν =

 c+ 2p c+ d− p c− p+ fc+ d− p c+ 2p+ f c− p
c− p+ f c− p c+ 2p+ d

. (10)
With f = 0, Eqn.(10) can be written as
mν =

 c+ 2p c+ d− p c− pc+ d− p c+ 2p c− p
c− p c− p c+ 2p+ d

 =

c+ 2p c− p c− pc− p c+ 2p c− p
c− p c− p c+ 2p


︸ ︷︷ ︸
maν
+

0 d 0d 0 0
0 0 d

,
︸ ︷︷ ︸
mbν
(11)
where maν is magic and µ − τ symmetric and m
b
ν breaks the µ − τ symmetry. Interestingly, the
breaking pattern obtained here viz., 
0 d 0d 0 0
0 0 d

 ,
is proposed in Ref. [33]. Here, we have shown the symmetry origin of such breaking pattern for
µ − τ symmetry while retaining magic symmetry. However, in this case mν(Eqn.(11)) contains
two equalities viz. (mν)11 = (mν)22 and (mν)13 = (mν)23 which is disallowed by current data on
neutrino mass and mixings [34]. So, in the following we have considered f 6= 0.
The neutrino mass matrix in Eqn.(10) obey magic symmetry and is µ−τ asymmetric. The dimension-
four and dimension-five terms in Eqn.(3) involving the scalar triplet ∆ provide non-degenerate
light neutrino masses. After the spontaneous symmetry breaking the Yukawa couplings y∆1 and
5
y∆3(contained in d and f , respectively) are responsible for the breaking of µ− τ symmetry. To see
this explicitly we can write Eqn.(10) as
mν =

c+ 2p c− p c− pc− p c+ 2p c− p
c− p c− p c+ 2p


︸ ︷︷ ︸
mcν
+

0 d fd f 0
f 0 d

.
︸ ︷︷ ︸
mdν
(12)
mcν is magic and µ− τ symmetric. m
d
ν breaks the µ− τ symmetry and makes (mν)11 6= (mν)22 and
(mν)13 6= (mν)23 to have an accordant neutrino phenomenology.
In the next section we have discussed the predictions of the model given in Eqn.(10) for beyond
neutrino sector observables like effective Majorana neutrino mass |Mee| and leptogenesis and, also,
investigated possible connection between breaking parameters (d, f) and the CP asymmetry.
3 Leptogenesis
The basic ingredients required for the leptogenesis are (i) CP asymmetry induced by the decay
of right-handed neutrino and scalar triplet ∆ (ii) efficiency factor (Keff ) allowing to calculate
the lepton asymmetry induced by the resulting CP asymmetry, and (iii) the conversion of lepton
asymmetry into baryon asymmetry through the B − L conserving sphaleron processes in the SM.
In addition to the right-handed neutrino decay, the scalar triplet ∆ interactions, also, contribute to
the net CP asymmetry produced in the early universe. However, for hierarchical mass spectrum
of right-handed neutrinos i.e. M1 << M2 and M1 << M∆, the decay of lightest right-handed
neutrino(N1) is dominating. It follows that while N2 and ∆ decays, the interactions involving N1
were in thermal equilibrium. The baryon asymmetry contribution due to decay of N2 and ∆ is
washed out before N1 decays. The different decay modes at one loop-level correction are shown
in Fig.(1). The contribution due to out-of-equilibrium decay of lightest right-handed neutrino(N1)
will survive. CP asymmetry due to interference of tree level and one loop level decay amplitudes
involving right-handed neutrino as shown in Fig.1(a) and Fig.1(b) can be written as [36, 37]
ǫN =
3M1
8πv2H
Im[m†Dmν1m
∗
D]11
(m†DmD)11
, (13)
and contribution from scalar triplet Higgs via Fig.1(c) is
ǫ∆ =
3M1
8πv2H
Im[m†Dmν2m
∗
D]11
(m†DmD)11
. (14)
For out-of-equilibrium decay, the decay rate of N1 i.e. Γ1 must be smaller than expansion rate of
the universe at temperature T =M1 which can be expressed as
(m†DmD)11
M1
<
√
64g∗π5
45
.
v2H
Mpl
≈ 1.08× 10−3eV, (15)
where Mpl is Planck mass and g∗ is total number of relativistic degree of freedom [38]. The baryon
asymmetry produced via the sphaleron processes using full set of Boltzmann equations can be,
approximately, written as
|ηB| ≈ 0.96× 10
−2ǫKeff , (16)
where ǫ = ǫN + ǫ∆ and Keff is known as efficiency factor given by
Keff = 2× 10
−2
(
M1 × 0.01eV
(m†DmD)11
)1.1
, (17)
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Figure 1: One loop-level diagrams contributing to CP asymmetry.
Parameters Best-fit±1σ 3σ range
∆m221[10
−5 eV2] 7.55+0.20−0.16 7.05− 8.14
∆m231[10
−3 eV2](NH) 2.50± 0.03 2.41− 2.60
∆m231[10
−3 eV2](IH) 2.42+0.03−0.04 2.31− 2.51
Sin2θ12/10
−1 3.20+0.20−0.16 2.73− 3.79
Sin2θ23/10
−1(NH) 5.47+0.20−0.30 4.45− 5.99
Sin2θ23/10
−1(IH) 5.51+0.18−0.30 4.53− 5.98
Sin2θ13/10
−2(NH) 2.160+0.083−0.069 1.96− 2.41
Sin2θ13/10
−2(IH) 2.220+0.074−0.076 1.99− 2.44
Table 2: The latest global data on neutrino oscillation parameters used in the numerical analysis [35].
and measures the washout effects on lepton number asymmetry.
Using Eqns.(5), (7) and (13) we obtain
ǫN =
9M1
8πv2H
|b2|
|M2|
sin 2(ψ2 − ψ1), (18)
where ψ1 and ψ2 are the phases associated with a and b, respectively. Similarly, using Eqns.(5), (9)
and Eqn.(14) we have
ǫ∆ =
M1
8πv2H
(3|d| sin(ψd − 2ψ1) + 3|f | sin(ψf − 2ψ1)), (19)
where ψd and ψf are the phases associated with parameter d and f , respectively. Interestingly,
while the type-II contribution to neutrino mass matrix in Eqn.(9) contains three model parameters
d, p and f but the CP asymmetry ǫ∆ contains |d| and |f | only, thus, reducing the number of model
parameters responsible for producing net CP asymmetry. This feature of the model is due to the
structure of mν2 in Eqn.(9) wherein the sum of elements of row/column is independent of parameter
p. The scalar triplet taking part in type-II seesaw contributes to the CP asymmetry as well as, is
responsible for µ− τ symmetry breaking, thus, results in non-zero θ13.
4 Numerical Analysis and Results
In order to find the CP asymmetry parameter ǫ, we need to find values of the model parameters.
To attain this we compare the neutrino mass matrix obtained from the A4 model(Eqn.(10)) with
the low energy effective mass matrix.
In ml-diagonal basis, the effective neutrino mass matrix is given by
Mν = V
∗Mdiagν V
†, (20)
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Figure 2: The correlation plots amongst the model parameters |b|, |d| and |f | at 3σ C.L..
where V = U.P and Mdiagν = diag(m1,m2,m3). U is the PontecorvoMakiNakagawaSakata(PMNS)
mixing matrix given by
U =

 c12c13 s12c13 s13e−iδ−s12c23 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23
s12s23 − c12s13c23e
iδ −c12s23 − s12s13c23e
iδ c13c23

, (21)
where skl = sin θkl and ckl = cos θkl and P is the diagonal phase matrix, P = diag(1, e
iα, ei(β+δ)),
where δ is Dirac phase and α, β are two Majorana phases. In general, the effective neutrino mass
matrix can be written as
Mν =

M11 M12 M13M12 M22 M23
M13 M23 M33

, (22)
where Mij (for i, j = 1, 2, 3) contains nine parameters viz., three neutrino masses m1,m2,m3, three
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Figure 3: The correlation plots amongst the phases ψ2, ψd, ψp and ψf at 3σ C.L..
mixing angles θ12, θ23, θ13, and three CP violating phases δ, α, β. More explicitly,
M11 = c
2
13(m1c
2
12 +m2s
2
12e
−2iα) +m3e
−2iβs213,
M12 = c13(e
−i(2β+δ)m3s13s23 − c12m1(c23s12 + c12e
−iδs13s23)
+e−2iαm2s12(c12c23 − e
−iδs12s13s23)),
M13 = c13(c23e
−i(2β+δ)m3s13 − e
−2iαm2s12(c23e
−iδs12s13 + c12s23)
+c12m1(−c12c23e
−iδs13 + s12s23)),
M22 = c
2
13e
−2i(β+δ)m3s
2
23 +m1(c23s12 + c12e
−iδs13s23)
2 + e−2iαm2(c12c23 − e
−iδs12s13s23)
2,
M23 = c
2
13c23e
−2i(β+δ)m3s23 +m1(c12c23e
−iδs13 − s12s23)(c23s12 + c12e
−iδs13s23)
−e2iαm2(c23e
−iδs12s13 + c12s23)(c12c23 − e
−iδs12s13s23),
M33 = c
2
13c
2
23e
−2i(β+δ)m3 + e
−2iαm2(c23e
−iδs12s13 + c12s23)
2 +m1(c12c23e
−iδs13 − s12s23)
2.


(23)
A comparison of Eqns.(10) and (22) yield the following relations amongst the model parameters
(c, p, d, f) and the elements of the low energy neutrino mass matrix Mν
c = 2M23+M113 ,
p = M11−M233 ,
d =M12 −M23,
f =M22 −M11,

 (24)
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Figure 4: The variation of effective Majorana neutrino mass |Mee| with lightest neutrino mass(first
row) and with sum of absolute neutrino masses Σmi(second row) for normal as well as inverted
hierarchy at 3σ C.L.. The current sensitivity limits of various 0νββ-decay experiments are, also,
shown.
also
M13 = c− p+ f,
M33 = c+ 2p+ d.
}
(25)
Using the low energy data on neutrino oscillation parameters and full physical range(s) of CP phases,
Eqn.(24) can be used to obtain the allowed parameter space of c, p, d and f . For the framework
to be self-consistent the elements M13 and M33 obtained from Eqn.(25) as well as Eqn.(23) must
be same within defined tolerance and acts as a necessary and sufficient condition to satisfy magic
symmetry.
In the numerical analysis, the known neutrino oscillation parameters such as mixing angles (θ12,
θ23, θ13) and mass-squared differences (∆m
2
21, ∆m
2
31) are randomly generated using Gaussian dis-
tribution with the best-fit and errors given in Table 2. The unknown parameters viz., three CP
phases (δ, α, β) are randomly generated in their full physical range, (0o − 360o), with uniform dis-
tribution. The remaining unknown parameter i.e. absolute mass-scale mlightest (mlightest = m1 in
normal hierarchy and mlightest = m3 in inverted hierarchy), is generated within a conservative range
(0 − 0.04)eV guided by the cosmological limit on the sum of neutrino masses
∑
imi < 0.12eV (at
95 % C.L.) [39]. The sample size for all these parameters constitutes of 107 points. The neutrino
masses m2 and m3(m1 and m2) are calculated using the relations
m2 =
√
m21 +∆m
2
21,m3 =
√
m21 +∆m
2
31 for NH,
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and
m1 =
√
m23 −∆m
2
31,m2 =
√
m23 −∆m
2
31 +∆m
2
21 for IH.
The sum of ith row of neutrino mass matrix Mν can be written as
Si =Mi1 +Mi2 +Mi3, (26)
where i = 1, 2, 3 is row index. The magic symmetry of Mν implies S1 = S2 = S3 =constant(κ).
Using the procedure outlined above, we require that Mν is magic symmetric within a tolerance of
10−3 i.e. if
|S1 − S2| ≤ 10
−3 and |S2 − S3| ≤ 10
−3.
The parameter space, thus obtained, is used to calculate the CP asymmetry parameter ǫ for nor-
mal(NH) as well as inverted hierarchy(IH). The model predictions are obtained taking into account
the Davidson-Ibarra bound on right-handed neutrino mass scale [40]. Hence, we have assumed the
lightest right-handed neutrino mass of the order of 109GeV. For successful leptogenesis, the right-
handed neutrinos must be non-degenerate which is ensured by higher mass scale(M2) for second
right-handed neutrino. We have assumedM2 to be of the order 10
10GeV. Also, in order to fulfill the
condition for out-of-equilibrium decay in Eqn.(15), we find that
(m†
D
mD)11
M1
= 3a
2
M1
< 1.08× 10−3eV.
Thus, it is judicious to consider the approximations, a
2
M1
≈ 10−4 and ψ1 = 0. Using the calculated
parameter space of c = a
2
M1
+ b
2
M2
alongwith a
2
M1
≈ 10−4 and ψ1 = 0, in Eqns.(16-19), we obtain the
parameter space of b which contributes to the CP asymmetry (Eqn.(18)).
The phases ψ2, ψp, ψd and ψf associated with the model parameters b, p, d and f , respectively, can
be evaluated using the relations
ψ2 =
1
2Arg
(
2M23+M11
3
)
,
ψp = Arg
(
M11−M23
3
)
,
ψd = Arg (M12 −M23) ,
ψf = Arg (M22 −M11) .

 (27)
The type-II seesaw plays pivotal role to have correct neutrino phenomenology (non-zero θ13 and non-
degenerate neutrino masses) and leptogenesis. In Fig.(2) and Fig.(3) we have shown the correlations
amongst the model parameters(|b|, |p|, |d|, |f |) and phases(ψ2, ψp, ψd, ψf ), respectively, induced by
the magic symmetric neutrino mass matrix and allowed by the current data on neutrino mass and
mixings.
In the effective neutrino mass matrix (Eqn.(10)), |(mν)11| ≡ |Mee| element of neutrino mass matrix is
non-zero which results in non-vanishing effective Majorana mass. The variation of |Mee| with lightest
neutrino mass and sum of light neutrino masses Σmi is shown in Fig.(4) for both the neutrino mass
hierarchies(NH and IH). The sensitivity reach of 0νββ decay experiments like SuperNEMO [41],
KamLAND-Zen [42], NEXT [43,44], nEXO [45] is, also, shown in Fig.(4). |Mee| is found to be well
within the sensitivity reach of these 0νββ experiments, in particular for inverted hierarchy. The
model has imperative implication for inverted hierarchy, for example, the non-observation of this
process at nEXO will rule out IH in this model.
The correlations of baryon asymmetry with the model parameters |b|, |f | and |d| are shown in
Fig.(5). It is evident from the figure that the predicted baryon asymmetry is in good agreement
with the observed baryon asymmetry for NH whereas, for IH, there is accumulation of points away
from the observed baryon asymmetry region. Infact IH is disallowed at 2.5σ C.L.. Also, it is to be
noted that right-handed neutrino mass scale is much below the GUT scale and will have negligible
renormalization group evolution effects.
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Figure 5: The variation of baryon asymmetry with |b|(first row), |d|(second row) and |f |(third
row) for normal and inverted hierarchy. The dot-dashed line is the observed baryon asymmetry
|ηB| = (6.12± 0.04)× 10
−10.
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5 Conclusions
In conclusion, we have presented a model based on A4 flavor symmetry augmented by Z3 cyclic group
within the framework of type-I and II seesaw mechanism in a minimal scenario of two right-handed
neutrinos(2RHN). The type-II seesaw terms play a crucial role in generating non-degenerate neutrino
masses and non-zero θ13(i.e. breaking µ−τ symmetry). The Yukawa coupling involving scalar triplet
∆ is responsible for breaking of µ− τ symmetry and contributes to the baryogenesis. The resulted
neutrino mass matrix retains magic symmetry and have non-degenerate mass eigenvalues. Using the
data on neutrino mass and mixings, we have evaluated the model parameter space allowed by the
constraints emanating from the magic symmetry within tolerance of 10−3. The effective Majorana
neutrino mass |Mee| is well within the sensitivity reach of the 0νββ experiments. In particular, the
non-observation of 0νββ decay at nEXO will rule out IH in this model. We have, also, investigated
the leptogenesis through approximated solutions of Boltzmann equations. We have worked in the
approximation which is in accordance with the essential condition required for out-of-equilibrium
decay of lightest right-handed neutrino. We find that the predicted baryon asymmetry is in good
agreement with the observed baryon asymmetry for NH whereas IH is disallowed at 2.5σ C.L..
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